Objective The purpose of this study was to perform clinicopathological evaluations of patients with pure influenza A virus pneumonia. Methods We performed clinicopathological analyses of four cases of pure influenza A virus pneumonia. Patients Among the four cases, three were caused by the pandemic (H1N1) 2009 virus. Three patients were analyzed during autopsy, and one underwent transbronchial lung biopsy. Results We suggest that the interval between influenza virus A pneumonia onset and our analysis affected the pathological findings. Diffuse alveolar damage was observed during the acute phase. After ten days, organizing pneumonia and marked proliferation of premature type II alveolar epithelium were observed. Clinically, intra-alveolar hemorrhage was observed in two patients. Pathologically, hyaline membrane formation and intra-alveolar hemorrhage were observed in all cases. Conclusion Severe epithelial damage was determined as the main mechanism of respiratory failure caused by influenza A virus pneumonia.
Introduction
Influenza virus is a common cause of lower respiratory tract infections in adults. Infections can occur as pandemics, epidemics, or sporadic outbreaks. Clinical pneumonia attributable to influenza virus infection is uncommon, but when it does occur, secondary bacterial pneumonia, as well as pure influenza viral pneumonia, need to be considered as possible causes. Pure influenza viral pneumonia can be overwhelming in some patients and can result in death within 24 hours of onset.
A pandemic caused by the pandemic (H1N1) 2009 virus occurred during the 2009/2010 influenza seasons. Many reports described pathological findings of pneumonia caused by pandemic (H1N1) 2009 virus; however, few studies clinicopathologically evaluated lung specimens.
The aim of the present study was to describe the clinicopathological findings of three autopsied cases and one survived case of influenza A virus pneumonia. We herein demonstrate that hyaline membrane formation and pulmonary hemorrhage play significant roles in the pathogenesis of pure influenza A virus pneumonia. 3+  3+  2+  -Hyaline membrane  3+  1+  2+  1+  Alveolar hemorrhage  2+  1+  1+  3+  Organizing pneumonia  3+  --3+  Fibrin exudation  3+  --1+  Myofibroblast proliferation 1+  --3+  Thickening of alveolar orifices  3+  3+  --Edema  3+  2+  -2+  Bronchiolitis  3+  --1+  Hemorrhage  3+  --1+  Necrotic debris  3+  ---3+ : frequently, 2+: sometimes, 1+: only focal, -: none All three of these patients were diagnosed with pure influenza viral pneumonia and not secondary bacterial pneumonia based on the following evidence: i) the presence of infiltrates on chest radiographs and chest computed tomography (CT) scans; ii) influenza virus A infection was confirmed by a rapid diagnosis kit, as well as reverse transcriptase polymerase chain reaction (RT-PCR) for pandemic (H1N1) 2009; and iii) the absence of significant bacterial infection confirmed by repeated Gram stains and bacterial cultures.
As cases 2, 3, and 4 were infected with pandemic (H1N1) 2009 virus, RT-PCR was performed according to the guidelines of the National Institute of Infectious Diseases (Japan) for pandemic (H1N1) 2009 virus detection, and testing was undertaken at the Okinawa Prefectural Institute of Health and Environment.
Case 1
A 97-year-old woman was admitted to hospital because of low-grade fever and general fatigue. Her chest X-ray revealed infiltration in both lung fields. Her condition rapidly deteriorated and she died of respiratory failure on day 12. She was diagnosed to have influenza viral pneumonia based on the significant elevation of anti-influenza A antibody. An autopsy was performed. Evaluation of paired sera demonstrated that the titer of serum anti-influenza A antibody was significantly increased. A rapid antigen test was not performed.
Case 2
A 24-year-old woman with mental retardation had symptoms of fever and dry cough. A rapid diagnostic test for influenza using a throat swab was performed at an outpatient clinic, and it yielded positive results for influenza A antigen. Five days later, the patient developed further symptoms of persistent fever and dyspnea; she was diagnosed with severe pneumonia and was admitted to the hospital.
She developed respiratory failure, and mechanical ventilation was performed from admission to the time of death (16 days). In addition, ECMO was performed from days 2 to 12. After this treatment, chest X-rays taken at day 16 showed slight improvement of consolidation; however, the patient died due to a subarachnoid hemorrhage.
Case 3
A 59-year-old man who had no underlying diseases except for obesity was referred to a private clinic with a fever and a sore throat. A rapid diagnostic test for influenza using a throat swab was performed and was negative. His symptoms did not improve, and he developed dyspnea and inspiratory crackles in both lung fields, so he was transferred to a medium-sized hospital.
The patient was considered to have acute interstitial pneumonia based on chest radiological findings, and bronchoalveolar lavage (BAL) and transbronchial lung biopsy (TBLB) were performed. PCR of his BAL fluid for pandemic (H1N1) 2009 virus was positive.
Case 4
A 37-year-old man who had no underlying diseases except for obesity (body mass index of 33) was referred to a private clinic with a fever and a productive cough. A rapid diagnostic test for influenza using a throat swab was performed, and the result was negative. His symptoms did not improve, and he developed dyspnea and inspiratory crackles in both lung fields, so he was transferred to a medium-sized hospital.
The patient was considered to have acute interstitial pneumonia based on chest radiological findings, and BAL was performed. The BAL fluid was subjected to PCR for pandemic (H1N1) 2009 virus, which was positive. Mechanical ventilation was performed from days 7 to 15 for respiratory failure. ECMO was also performed from days 7 to 15. However, his respiratory condition deteriorated, and he died from respiratory failure.
Pathological analysis
In addition to Hematoxylin and Eosin (HE) staining, an Azan stain for collagen fibers and an Elastica van Gieson (EVG) stain for elastic fibers were also performed on tissue sections. Immunohistochemical stains used the avidin-biotin peroxidase complex (ABC) method (LSAB kit; Dako, Glostrup, Denmark) using the following antibodies: KL-6 [1: 2,860, no pretreatment (NP), provided by Eisai Co., Tokyo, Japan], surfactant protein (SP)-A [1:100, autoclaving (AC), Dako], epithelial membrane antigen (EMA) [1:50, microwave (MW), Dako], factor VIII (1:400, NP; Dako), thyroid transcription factor-1 (TTF-1) (1:50, AC, Dako), AE1/AE3 [1:400, pronase (P); Boehringer-Mannheim Corp., Indianapolis, USA], h-caldesmon (1:50, AC; Lab Vision Corp. Fremont, USA), desmin (1:50, NP; Dako), and α-smooth muscle actin (SMA) (1:50, P; Becton-Dickinson, San Jose, USA). After confirming the specificity of these antibodies, the appropriate positive and negative controls were stained in parallel. All staining procedures were performed according to the manufacturers' instructions. 
Results

Pathological analysis
There were heterogeneous pathological findings in these four cases ( Table 2 ). The most significant findings were hyaline membrane formation and alveolar hemorrhage.
In case 1, the main pathological findings were bronchiolitis with hemorrhage and necrotic debris, diffuse alveolar . 1A) , and alveolar hemorrhage. In addition, organizing pneumonia with prominent fibrin exudation and pulmonary edema were also observed. Irregularly fragmented hyaline membranes were seen at the alveolar orifices (Fig. 1A) . The hyaline membranes were stained with an anti-AE1/3 antibody (Fig. 1B) and an anti-SP-A antibody (Fig. 1C) , suggesting that epithelial cell damage took place before formation of the hyaline membrane. In contrast, although remaining alveolar epithelial cells were linearly stained with an anti-KL-6 antibody, the hyaline membrane was not stained in this case (Fig. 1D) . In addition, the remaining alveolar epithelial cells were linearly stained with an anti-EMA antibody, but hyaline membranes were focally stained. Hyaline membranes were also labeled with antifactor VIII antibody. We observed subepithelial smooth muscle proliferations below the respiratory bronchioles (Fig. 1E) and narrowing of its inner space (Fig. 1F) .
In case 2, lung specimens obtained by autopsy were diagnosed as being consistent with the organizing phase of DAD ( Fig. 2A) . In addition, marked nodular proliferation of smooth muscle cells was demonstrated at the location of alveolar orifices (Fig. 2A) . Immunohistochemical staining using an anti-α-SMA antibody demonstrated marked smooth muscle cells proliferation at alveolar ducts (Fig. 2B) . A higher magnification of Fig. 2B revealed small nodular proliferation of smooth muscle cells (Fig. 2C) . In addition, an anti-caldesmon antibody demonstrated plate-like proliferations of smooth muscle cells at the location of the alveolar orifices (Fig. 2D) . Case 3 was analyzed using specimens obtained by TBLB; therefore, bronchial lesions were not evaluated. However, this patient was evaluated at day 1, thus, DAD with hyaline membrane formation (Fig. 3A) as well as alveolar hemorrhage, representing the acute phase of DAD, were clearly observed. Hyaline membranes were stained with anti-AE1/3 ( Fig. 3B ) and anti-EMA (Fig. 3C) antibodies, suggesting that epithelial cell damage took place before formation of the hyaline membrane. In contrast, although the remaining alveolar epithelial cells were linearly stained with an anti-KL-6 antibody, the hyaline membrane was not (Fig. 3D) . As shown in Table 1 , the BAL fluid from this patient was reddish in color, suggesting that pulmonary hemorrhage had taken place, clinically as well as pathologically.
In case 4, although several pathological findings (alveolar hemorrhage and alveolar edema) were observed, the most prominent pathological feature was organizing pneumonia (Fig. 4A ) with myofibroblast proliferation in Masson bodies (Fig. 4B) . In addition, hyaline membranes were only rarely observed, suggesting that organizing pneumonia had occurred after epithelial cell damage. Alveolar duct dilatation and smooth muscle cell proliferation around the alveolar ducts were observed focally. Immunohistochemical staining of Masson bodies using an anti-AE1/AE3 (pancytokeratin) antibody demonstrated continuous coverage by alveolar epithelial cells (Fig. 4C) . Regenerated epithelial cells were linearly stained with an anti-KL-6 antibody (Fig. 4D) . However, these cells were not stained with antibodies against SP-A (Fig. 4E), EMA (Fig. 4F) , or TTF-1 (data not shown), suggesting that these epithelial cells were not mature. As shown in Table 1 , the BAL fluid from this patient was red, therefore, pulmonary hemorrhage was demonstrated clinically and pathologically.
Literature review of literature
Our review of the literature revealed many autopsy studies of pandemic (H1N1) 2009 virus pneumonia (1-28, Table 3 ). The most prominent finding was DAD with or without pulmonary hemorrhage.
Discussion
Previously reported pathological findings of pneumonia caused by pandemic (H1N1) 2009 virus are presented in Table 3. In some cases, secondary bacterial pneumonia was observed. Many reports have pathologically analyzed lung specimens from patients with pandemic (H1N1) 2009 virus pneumonia and reported that DAD and alveolar hemorrhage were the predominant pathological features. However, immunohistochemical analyses have rarely been performed (4, 7, 17, 25, 27) , and the precise mechanism of respiratory failure has not been demonstrated. In the present study, immunohistochemical analyses were also performed.
In the acute stage of influenza pneumonia as shown in case 3, although hyaline membrane formation was clearly observed, elastic fibers were not included in the hyaline membrane, suggesting that the architecture of the alveolar walls was preserved. It was possible to analyze the composition of the hyaline membranes in cases 1 and 3. In the hyaline membranes, pancytokeratin positivity exhibited gradation from the stromal site to the surface. In addition, hyaline membranes were also stained with anti-SP-A, anti-factor VIII, and anti-EMA antibodies, suggesting that epithelial cell damage took place before hyaline membrane formation. In contrast, the hyaline membrane was not stained with an anti-KL-6 antibody. Sun et al. reported that KL-6 positivity in the hyaline membrane (29); therefore, negative KL-6 staining in the hyaline membrane might be related to influenza A virus pneumonia.
Three of our cases were evaluated more than ten days after the onset of influenza A infection; therefore, several stages of regeneration were also observed. In case 1, organizing pneumonia with massive fibrin exudation was noted. In addition, organizing pneumonia with prominent myofibroblast proliferation was observed in case 4. Because case 3 experienced three cardiac arrests during his clinical course, no significant differences of backgrounds were observed among the medical histories of the four cases. All cases demonstrated very severe clinical courses.
Influenza A virus migrates from the upper respiratory tract and causes respiratory bronchiolitis; therefore, airway epithelial cells are significantly damaged. As shown in cases 1 and 2, prominent smooth muscle cell proliferation in the alveolar ducts seemed to be closely related to the airway epithelial cell damage. In addition, proliferation of subepithelial smooth muscle cells, which stained with anti-desmin antibody, was observed below the respiratory bronchioles, resulting in narrowing of the latter and reorganization of the alveolar structures. We suggest that this marked proliferation of smooth muscle cells might be related to the severe damage of the epithelial cells, as well as endothelial cells at the alveolar orifices.
In case 4, regenerated epithelial cells were linearly labeled with an anti-KL-6 antibody and partially stained with an anti-EMA antibody. They were negative for TTF-1 and SP-A, suggesting that these epithelial cells had characteristics of immature alveolar epithelium with no mitotic activity. These findings indicate that epithelial cell regeneration and maturation were important for recovery after epithelial cell damage; therefore, we suggest that absorption of organized tissue and maturation of epithelial cells were required to recover respiratory function.
Several reports have described pathological features in patients who died after a clinical course longer than ten days. Perez-Padilla et al. reported a 43-year-old patient who died after a 14-day illness complicated by acute renal failure and myocardial infection (1) . Pathological evaluation of the lungs showed DAD, thick hyaline membranes, and prominent fibroblast proliferation. In addition, Harms et al. reported eight patients who died after illnesses >15 days, and organizing phases of DAD were observed in seven cases (87.5%) (11) . However, they also found that only acutephase DAD was observed in a 43-year-old man who died after a 27-day illness (11) . Furthermore, Shelke et al. reported that lung specimens taken from patients who died within two weeks of symptom onset typically showed acutephase DAD (23) . In contrast, patients who died within three to four weeks of symptom onset showed both acute and organizing features, and the organizing and fibrotic stage of DAD was observed in patients who died after four weeks (23) .
Influenza virus infection caused marked increases in the levels of pro-inflammatory cytokines, tumor necrosis factor-α, interleukin (IL)-6, and IL-1β (cytokine storm) (30) . The inflammatory response also affected cell adhesion, vascular permeability, apoptosis, and mitochondrial reactive oxygen species, which could progress to vascular dysfunction and multi-organ failure. Studies have shown that influenza virus infection significantly upregulates the expression of cellular trypsins and matrix metalloproteinase-9 in various organs and vascular endothelial cells (30) . We propose that in addition to direct damage to alveolar epithelial cells, cytokine storm-induced endothelial cell damage and successive vascular hyperpermeability play major roles in the pathogenesis of severe influenza virus-induced pneumonia.
It has been suggested that mechanical ventilation affects the pathological findings. Nakajima et al. reported that a 15-year-old boy who died after a 29-day illness and a 24-yearold woman who died after a 21-day illness showed extensive fibrosis. They also reported a 24-year-old woman who died after a 21-day illness who used ECMO from day seven onward, and the main pathological finding was organized DAD (21) . In addition, Nin et al. described six autopsied cases and found that granulation tissue was present in four (8, 16, 36 , and 45 days mechanical ventilation) (22) . The patient with the longest time from diagnosis to death (45 days mechanical ventilation) had residual fibrosis with intense granulation tissue repair and interstitial inflammation. They concluded that signs of DAD evolved over time from exudative to proliferative and fibrotic changes according to the duration of mechanical ventilation (22) .
The detection rate of influenza virus A changes according to disease duration. Shieh et al. reported 80 patients with known durations of illness (10) . They showed positive immunohistochemistry for the influenza A viral antigen in respiratory tissues from 31 patients (39%) with illness duration less than ten days and in five patients (6%) with illness longer than ten days (10) . In addition, Bhatnager et al. reported that none of their cases with long duration of illness (10-23 days) were positive by in situ hybridization, whereas all of them were positive by immunohistochemistry (28) .
In the present study, immunohistochemical analysis was performed on autopsied lungs, and we found evidence of DAD caused by influenza pandemic (H1N1) 2009 virus infection. In cases 1 and 2, severe epithelial cell damage and marked proliferation of smooth muscle cells at the alveolar orifices were demonstrated. In addition, in cases 1 and 4, the organizing phase of DAD and type II alveolar cell regeneration were observed. However, regenerated type II cells did not entirely encompass the tip of the alveolar orifices. In addition, marked smooth muscle cell proliferation and increased collagen fibers were also seen in the subepithelial tissue at the alveolar orifices. The staining pattern of hyaline membranes suggested that the regenerated epithelial cells were immature and could not produce surfactant.
It is interesting that the hyaline membrane of patients with pure Influenza A pneumonia was negative for KL-6, and this should be investigated further. Sun et al. (29) reported that KL-6 expression is essential for the maturation of alveolar pneumocytes and that KL-6 expression proceeds linearly in alveolar pneumocytes from 23 weeks gestation. The findings from the present study suggest that the division and proliferation of type II pneumocytes, although frequently observed following epithelial cell damage caused by viral infection, fails to yield functionally mature cells that produce KL-6. This would explain the negative staining for KL-6 observed in the hyaline membrane. For cases 1, 2, and 4, the autopsies were performed more than ten days after the onset of influenza A infection, and the organization and proliferation of type II pneumocytes were observed in these specimens. Hence, the recovery of type II pneumocytes occurred prior to, or at approximately ten days post-infection. The absence of detectable KL-6 expression in these type II pneumocytes indicates that cell maturation was insufficient.
In conclusion, severe epithelial damage was determined to be the main mechanism of respiratory failure caused by influenza virus pneumonia.
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